Abstract. Dichloroacetate (DCA) is beneficial in cancer therapy because it induces apoptosis and decreases cancer growth in vitro and in vivo without affecting non-cancer cells. DCA stimulates the activity of the enzyme pyruvate dehydrogenase by inhibiting pyruvate dehydrogenase kinase. Consequently, DCA promotes oxidative phosphorylation after glycolysis. Therefore, DCA produces changes in energy metabolism that could affect the mitochondrial network and mitophagy. This investigation determined the effects of DCA treatment on mitophagy in human neuroblastoma SH-SY5Y cells. SH-SY5Y cells were cultured and distributed into 3 groups: control, NH 4 Cl and chloroquine. Each group was treated with DCA at 0, 5, 30 and 60 mM for 16 h. Samples were analyzed for cell viability, mtDNA copy number, mitochondrial network morphology and expression of key proteins involved in mitochondrial dynamics, such as LC3b, FIS1, OPA1, PARKIN and PINK1. In all groups, DCA caused a decrease in cell viability, an induction of autophagy in a dose-dependent manner and a decrease in Tim23, FIS1 and PARKIN protein expression, leading to profound morphological changes in the mitochondrial network resulting in shorter and more fragmented filaments. However, TFAM protein levels remained unchanged. Similarly, the mitochondrial copy number was not significantly different among the treatment groups. In conclusion, DCA induces mitophagy and remodeling of the mitochondrial network. In this remodeling, DCA induces a decrease in the expression of key proteins involved in protein degradation and mitochondrial dynamics but does not significantly affect the mtDNA density. Blocking late phase autophagy increases the effects of DCA, suggesting that autophagy protects the cell, at least partially, against DCA.
Introduction
Dichloroacetate (DCA) is a metabolic modulator that has been used in humans for decades for the treatment of lactic acidosis and inherited mitochondrial diseases (1) . DCA is a pyruvate dehydrogenase kinase (PDK) inhibitor, which activates pyruvate dehydrogenase (PDH), increasing glucose oxidation by promoting an influx of pyruvate into the tricarboxylic acid cycle (2) .
DCA affects multiple pathways of intermediary metabolism. It stimulates peripheral glucose utilization and inhibits gluconeogenesis, thereby reducing hyperglycemia in animals and humans with diabetes mellitus. It inhibits lipogenesis and cholesterolgenesis, thereby decreasing circulating lipid and lipoprotein levels in short-term studies of patients with acquired or hereditary disorders of lipoprotein metabolism. By stimulating the activity of pyruvate dehydrogenase, DCA facilitates oxidation of lactate and decreases morbidity in acquired and congenital forms of lactic acidosis (3) . It has been shown that DCA reverses the metabolic-electrical remodeling in several cancer lines, increases ROS production, produces hyperpolarized mitochondria, activates NFAT1, induces apoptosis and decreases tumor growth (1) . DCA has been found to have antitumor properties in pulmonary epithelial cells (1) , breast tumor cells (4) , colorectal cancer cells (5) and prostate tumors (6) without affecting normal cells. It has also been shown that
Dichloroacetate stimulates changes in the mitochondrial network morphology via partial mitophagy in human SH-SY5Y neuroblastoma cells
DCA has an increased effect when combined with other drugs, such as with arsenic trioxide in breast cancer (7) , sulindac in lung cancer (8) , bortezomib in multiple myeloma (9) or in combination with radiation in prostate cancer (6) . Currently, clinical trials are being conducted with DCA to prove its effectiveness (http://clinicaltrial.gov/show/NCT01111097). All organisms need energy not only to survive but also to prosper and proliferate. Accordingly, properly functioning mitochondria are essential to any cell, including cancer cells (10) (11) (12) . Metabolic activities of normal cells rely predominately on mitochondrial oxidative phosphorylation (OXPHOS) for energy generation in the form of ATP. On the contrary, cancer cells predominately rely on glycolysis rather than on oxidative phosphorylation (13) . There is growing evidence linking cancer with diseases or mutations affecting mitochondrial function and their metabolic pathways (14) . Although mitochondrial function and intact mtDNA are essential for cancer cell growth and tumorigenesis, mtDNA mutations and/or reductions in mtDNA copy number that alter the OXPHOS physiology are common features of cancer (15) . When mtDNA has a high mutation rate, de novo mtDNA mutations create a mixture of mutant and normal mtDNAs in cells, a state known as heteroplasmy. As the proportion of mutant mtDNAs increases, the energy output capacity of the cell declines until there is insufficient energy to sustain cellular function, termed the bioenergetic threshold. Mitochondria form a reticular network that is constantly undergoing fusion and fission, which is necessary for the maintenance of organelle fidelity (16) .
The quality of a mitochondrial population is maintained through mitophagy, a form of specific autophagy in which defective mitochondria are selectively degraded (17) . Some antitumor therapies, such as PI3K/mTOR inhibitors, are known to induce autophagy in cancer cells (18) . To evaluate autophagy, LC3b is a commonly used marker because it is an essential component of autophagosomes. The level of the phosphatidylethanolamine-conjugated LC3b (LC3b-II) inserted into the autophagosome membrane and the ratio of LC3b-II/LC3b-I determine the rate of autophagy. However, autophagy itself is a very fast process leading to an immediate fusion of autophagosomes with lysosomes and subsequent degradation of LC3b-II. Blocking the autophagy process in a late phase just prior to lysosome degradation is needed to observe the LC3b-II/LC3b-I ratio. For this reason, NH 4 Cl and chloroquine (CHLQ) have been used to block the completion of autophagy (19) .
Due to the importance of mitophagy in mitochondrial quality control and because of the known changes that DCA produces in energy metabolism, we hypothesized that DCA could cause a decrease in mitochondrial density in SH-SY5Y neuroblastoma cells through the activation of mitophagy. As a model, we chose SH-SY5Y cells, originally derived from the SK-N-SH cell line (20) , for our study because they are well known and frequently studied. Moreover, neuroblastoma is the most common type of extracranial childhood solid tumor, accounting for 15% of pediatric cancer-related deaths (21) . We used undifferentiated SH-SY5Y cells in this study.
We demonstrate that treatment with DCA ≤60 mM stimulates the reorganization of the mitochondrial network in SH-SY5Y cells, leading to shorter and more fragmented mitochondrial filaments. This change in the mitochondrial network was related to an imbalance in the expression of proteins related to mitochondrial dynamics (FIS1), mitochondrial protein degradation (PINK1, Parkin) and autophagy (LC3b). Surprisingly, we did not observe a decrease in mtDNA copy number with DCA treatment. Thus, we provide new insights into the DCA-induced restructuring of the mitochondrial network through mitochondrial dynamics and mitophagy that preserves the nucleoids.
Materials and methods
Cell culture and experimental design. Neuroblastoma SH-SY5Y cells (ATCC, Manassas, VA, USA) were grown in DMEM (Dulbecco's modified Eagle's medium, Gibco-BRL, Gaithersburg, MD, USA) supplemented with 100 U/ml penicillin (Sigma-Aldrich, St. Louis, MO, USA), 100 µg/ml streptomycin (Sigma-Aldrich), 5 mM glucose (Sigma-Aldrich), 2 mM L-glutamine (Gibco) and 10% fetal bovine serum (Gibco) in an atmosphere of 95% air and 5% CO 2 at 37˚C. The growth medium was replenished every 2 or 3 days. We distributed the SH-SY5Y cells into 3 groups: control, NH 4 Cl and chloroquine (CHLQ). NH 4 Cl and CHLQ were added to the experimental design to inhibit mitophagy at different stages, and compared to the control group. The NH 4 Cl group was supplemented with a final concentration of 10 mM NH 4 Cl in the medium. The CHLQ group was supplemented with a final concentration of 50 µM CHLQ in the medium. Each group was treated with DCA at 0, 5, 30 and 60 mM for 16 h. Both NH 4 Cl and CHLQ were added at the same time as DCA. All experiments were performed with viable cells after treatment. Therefore, cells in suspension were withdrawn before any analysis.
Number of viable cells. The quantification of viable SH-SY5Y cells was performed as follows: we seeded the cells at a concentration of 150,000 cells/well in three 6-well plates (n=3 for each treatment). After 24 h, we performed a 16-h treatment with DCA. After that, the cells were washed with PBS, trypsinized and quantified with a Countless Automated (Invitrogen, Carlsbad, CA, USA) cell counter using trypan blue.
Mitochondrial copy number. The number of mtDNA copies was assessed via qPCR-RT as described by Alán et al (22) . Briefly, total DNA was isolated by phenol-chloroform extraction. We used qPCR and SYBR Green primers recognizing the UCP2 nuclear gene and ND5 mtDNA gene to calculate the corresponding ratio between them, which determines the number of mtDNA copies.
Immunoblotting. All the relative protein quantifications were measured using a protein lysate of SH-SY5Y cells in RIPA buffer (23) supplemented with a protease inhibitor (P8340, Sigma-Aldrich). The total protein concentration of each sample was measured by a BCA (B9643, Sigma-Aldrich) assay (24) .
The samples (30 µg of total protein) were separated by SDS-PAGE (12% polyacrylamide gel) and detected by immunoblotting, as described by Paulson and Laemmli (25) . After electrophoresis, the samples were transferred to a PVDF (BioRad, Richmond, CA, USA) membrane for 1 h. Subsequently, blocking was performed using 5% BSA in TBS-0.05% Tween-20 on a shaker at room temperature. After blocking, incubation was performed with LC3b (NB100-2220, Novus Biologicals, Littleton, CO, USA), FIS1 (ALX-210-1037-0100, Enzo Life Science, Farmingdale, NY, USA), OPA1 (612606, BD Biosciences, San José, CA, USA), Tim23 (611222, BD Biosciences), TFAM (ab119684), PARKIN (ab15954) and PINK1 (ab23707) (Abcam, Cambridge, MA, USA) antibodies in blocking buffer with shaking overnight at 4˚C. Actin was used as the loading control. The actin primary antibody (ab3280, Abcam) was diluted 1:1,000 in blocking buffer and also incubated as above. In all cases, appropriate secondary peroxidase-conjugated antibodies, anti-mouse or anti-rabbit, were applied at a concentration of 1:5,000 in TBS-T for 1 h with shaking at room temperature. ImageJ software was used to perform densitometry and relative quantification (26) .
Confocal microscopy. SH-SY5Y cells were cultured for 2 days on glass cover slips coated with poly-L-lysine. DCA was administered in the culture medium for 16 h. The mitochondria specific fluorescent dye tetramethylrhodamine ethyl ester (TMRE) was used to investigate mitochondrial structure. TMRE is a lipophilic, cell permeable, cationic, non-toxic, fluorescent dye that specifically stains live mitochondria. TMRE accumulated specifically in the mitochondria in proportion to the mitochondria membrane potential (27) . We incubated TMRE at a final concentration of 50 µM in the cell culture medium for 1 min and then exchanged the medium for fresh culture medium. Cells were then placed on a microscope slide, which was imaged with an inverted confocal fluorescent Leica TCS SP2 AOBS microscope with a PL APO 100x/1.40-0.70 oil immersion objective (a pinhole of 1 AU). TMRE was excited at 543 nm with a 1.2-mW HeNe laser. All images of living cells were taken in 95% air and 5% CO 2 at 37˚C in a microscope incubation chamber.
Statistical analysis.
The results are reported as the mean ± SEM. The means were compared with one-way or two-way ANOVA (P≤0.05) using SPSS for Windows v. 19.0 software (SPSS Inc., Chicago, IL, USA).
Results

DCA decreases the number of viable cells. The SH-SY5Y
cell viability is illustrated in Fig. 1 . The control group had a maximum of 4.6x10 5 viable cells/well, while the 5 mM DCA dose had 3.2x10 5 cells/well, and two doses of 30 and 60 mM DCA both had an average of 2.6x10 5 cells/well. Treatment with the lowest concentration of DCA (5 mM) significantly decreased the number of viable cells (P<0.05), as did the other two higher doses of DCA, where the differences were even higher than in the 5 mM DCA group.
The concentration of 30 and 60 mM DCA had a similar effect on the number of viable cells. It is noteworthy that these differences in the number of viable cells were easily observable under a microscope. We observed cells in suspension after DCA treatment, which is indicative of cell death or apoptosis. This phenomenon was observed in all series of wells that were treated with DCA.
DCA induces morphology changes in the mitochondrial network. Confocal microscopy showed that no significant change in the cell size was observed in the DCA-treated groups compared with controls. The control group tended to have a mitochondrial structure that was long and contained interconnected filaments. As the DCA concentration increased, the mitochondrial network contained shorter and more fragmented filaments. At higher DCA concentrations, there were clustered mitochondria filaments more frequently present, causing the filaments of the mitochondrial network not to be distributed homogeneously within the cell cytosol (Fig. 2) .
DCA at high doses increases the LC3b ratio. LC3b-I and
LC3b-II were detected in SH-SY5Y cells. In the control group, we found that the concentration of LC3b-I increases with increasing DCA concentrations. As expected, we did not detect LC3b-II in this group at any DCA concentration. In the NH 4 Cl treatment, the LC3b-I levels were similar and LC3b-II levels were decreased, as compared to the control sample. The CHLQ group exhibited a decrease in LC3b-I levels and an increase in LC3b-II levels with increasing DCA concentrations ( Fig. 3A and B) .
In addition, we calculated the LC3b-II/LC3b-I ratio, which indicates how much LC3B-I was transformed to LC3B-II during autophagy and gives an approximation of the level of autophagy induced by the treatment. The LC3B-II/LC3B-I ratio was very small and no significant changes were found in the control group. However, in the NH 4 Cl or CHLQ treatments, increasing ratios were obtained with increasing DCA concentrations, especially using CHLQ as autophagy blocker (Fig. 3C) .
DCA produces an imbalance of OPA1 isoforms and reduces FIS1 and Tim23 protein levels. We detected a redistribution of both OPA1 isoforms. The two bands of OPA1, corresponding to OPA1 c, d and e isoforms (92 kDa) and OPA1 a and b isoforms (100 kDa), were examined (27) . Treatment with 5 mM DCA did not have an effect on the OPA1 bands. However, treatment with 30 mM DCA resulted in an increase in both OPA1 bands, while treatment with 60 mM DCA increased only the 92-kDa OPA1 isoform, compared to the control group ( Fig. 4A and B) .
NH 4 Cl treatment produced a slight increase in both bands of OPA1. The co-treatment of NH 4 Cl with ≤30 mM DCA caused a slight increase in the 92-kDa OPA1 isoform. In contrast, co-treatment of NH 4 Cl with 60 mM DCA resulted in a significant decrease in the two OPA1 bands, especially in the higher one. In fact, this combination proved to be toxic to the cells by causing apoptosis, as indicated by the actin band ( Fig. 4A and B) .
CHLQ treatment caused a reduction in the two OPA1 bands, which was more pronounced for the higher band. The co-treatment of CHLQ with 5 mM DCA did not affect OPA1 expression; however, at higher DCA concentrations (30 and 60 mM), there was a slight decrease in both OPA1 bands. At 60 mM DCA, the 100-kDa isoform was non-existent (Fig. 4B) .
We calculated the OPA1 isoform ratio [OPA1 (92 kDa)/ OPA1 (100 kDa)] and found that it increased after the 60-mM DCA treatment. Likewise, the co-treatment with NH 4 Cl or CHLQ amplified this effect (Fig. 4C) .
FIS1 protein levels were decreased by DCA treatment in SH-SY5Y cells in all groups. FIS1 protein levels tended to slightly increase with 5 and 30 mM DCA treatment in the control group, despite FIS1 protein levels decreasing slightly at higher DCA concentrations (60 mM) in the control group. In the two groups that were co-treated with mitophagy blocking agents, FIS1 protein levels exhibited a similar profile. FIS1 protein levels decreased with increasing DCA concentrations in a dose-dependent manner. The NH 4 Cl treatment showed slightly lower FIS1 protein levels, down to 24% (Fig. 4A  and H ). There are three groups of treatments: the control group that received only DCA as treatment, the group represented by NH4, which was co-treated with a final concentration of 10 mM NH 4 Cl and DCA, and the group represented by CHLQ, which was co-treated with a final concentration of 50 µM CHLQ and DCA. Note that at the dose of 60 mM DCA + NH 4 Cl, we observed a high proportion of apoptotic cells, which is reflected in the levels of actin protein. Tim23 decreased with increasing DCA concentrations in a dose-dependent manner in all the groups. This effect was moderate in the control group and more pronounced in the NH 4 Cl and CHLQ groups. Thus, the co-treatment of DCA with autophagy blockers led to a further decrease in Tim23 levels, especially with CHLQ treatment (Fig. 4A and G) .
DCA decreases the PINK1 and Parkin protein levels.
The results obtained by immunoblotting showed that DCA treatment caused a decrease in the protein levels of PINK1 and Parkin in SH-SY5Y cells. These decreases were observed in the control group and both the NH 4 Cl and CHLQ groups, in which the mitophagy event is blocked by different mechanisms at a late phase (Fig. 4A) .
The protein levels of the two PINK1 isoforms were decreased at the highest dose of DCA (60 mM). When DCA treatment was applied in combination with mitophagy blockers (NH 4 Cl and CHLQ), we observed a decrease in the two PINK1 isoforms in a dose-dependent manner (Fig. 4E) . In these two groups, the expression of PINK1 with the 60 mM DCA treatment was almost non-existent. In the combined treatment of 60 mM DCA and NH 4 Cl, there was a high percentage of cells undergoing apoptosis, which can be seen in the lower density of the actin band (Fig. 4A) . We calculated the ratios between the two PINK1 isoforms, PINK1 (53 kDa)/PINK1 (63 kDa), to determine if they correlated to drug concentration. The PINK1 isoform ratios showed two trends. The first trend was found in the control group, where an increasing DCA concentration reduced the ratios between the two PINK1 isoforms. The second trend was that the NH 4 Cl and CHLQ treatment groups exhibited a slight increase in the PINK1 (53 kDa)/PINK1 (63 kDa) ratio with increasing DCA concentrations (Fig. 4F) .
The Parkin protein levels decreased with increasing DCA concentrations in a dose-dependent manner for the control group. Treatment with autophagy-blocking agents (NH 4 Cl or CHLQ) without DCA produced a significant decrease in Parkin protein levels, decreasing by half and two-thirds, respectively. The co-treatment of NH 4 Cl or CHLQ with DCA caused downregulation of the Parkin protein compared to controls for their respective treatment groups (Fig. 4D) .
DCA does not alter mitochondrial DNA density in SH-SY5Y cells.
We used TFAM as a marker of mtDNA density. The results obtained by immunoblotting did not show a significant difference in TFAM protein levels due to DCA treatment or the co-treatment with NH 4 Cl or CHLQ (Fig. 5A and B) .
To verify these results, we also analyzed the number of mitochondrial DNA copies by real-time PCR. Fig. 5C shows the mitochondrial DNA copy number. No significant differences were found. Only a small difference was obtained between the control group treated with 5 mM DCA and the untreated control, with a P-value of 0.07 using two-way ANOVA (Fig. 5C ).
Discussion
We treated neuroblastoma SH-S5YS cells with DCA. The concentration of 60 mM was chosen as the maximum dose because previous studies reported that DCA is relatively inactive in different cells lines when used at low doses (5, 28) , despite the fact that such a concentration is unlikely to be achieved in vivo. To perform an accurate analysis, we also studied two additional groups that were co-treated with DCA and the mitophagy-blocking compounds NH 4 Cl or CHLQ. The purpose was to observe the accumulation of mitophagy marker proteins and analyze the changes in these proteins after the DCA treatment. NH 4 Cl inhibits lysosomal proteolysis and is independent of the type autophagy that delivers substrates to lysosomes (29) . CHLQ is a well-known inhibitor of the final Figure 5 . (A) Western blot images of actin and TFAM proteins. There are three groups of treatments: the control group that received only DCA as treatment, the group represented by NH4, which was co-treated with a final concentration of 10 mM NH 4 Cl and DCA, and the group represented by CHLQ, which was co-treated with a final concentration of 50 µM CHLQ and DCA. Note that at the dose of 60 mM DCA + NH 4 Cl, we observed a high proportion of apoptotic cells, which is reflected in the levels of actin protein.
(B) Quantification of the bands was performed by densitometry using ImageJ software. Relative TFAM protein level calculations presented in the graph were performed using actin as a reference protein. (C) Normalized mitochondrial copy numbers are presented for each treatment including co-treatment with the autophagy blockers NH 4 Cl and CHLQ. The values are expressed as the mean ± SEM (n=3). # Significant differences compared to the control treatment, as determined by two-way ANOVA (P=0.07).
step in the autophagy pathway (30) . However, both NH 4 Cl and CHLQ may have other side effects. For example, CHLQ has been shown to reduce tumor growth, hypoxia, cancer cell invasion, and metastasis but facilitate chemotherapy delivery and the tumor milieu by improving tumor perfusion and oxygenation (31) .
Dose-dependent decreases in membrane proteins such as Tim23, PINK1, Parkin and FIS1 suggest that autophagy is involved in the degradation of mitochondrial membrane components, a process known as mitophagy. This is most visible for Parkin and Tim23 in the control groups without autophagy blockers. In our experiments, the two autophagy blockers did not have identical effects, although both had similar effects.
DCA has high bioavailability, as it can easily pass through the plasma and mitochondrial membranes via the monocarboxylate and pyruvate transporter systems, respectively. It also easily crosses the blood-brain barrier and may concentrate in the mitochondria (32, 33) .
Recently, it has been demonstrated that DCA induces autophagosome formation and autophagy due to ROS accumulation in LoVo cells. Although, four additional colorectal cancer cell lines, which are similar to LoVo cells, proved to be less sensitive to DCA treatment (34) . Moreover, it has been reported that inhibitors of autophagy were able to promote apoptosis induced by anticancer drugs, which suggested that autophagy could have a protective role in cancer cells (34, 35) .
In this report, we studied how sensitive DCA treatment is in neuroblastoma SH-SY5Y cells. Initially, we assessed the sensitivity of SH-SY5Y cells to DCA by a cell viability experiment. As expected, we found that DCA led to a decrease in viable cells. Surprisingly, this decrease was equal to the decrease seen with two higher DCA doses. Thus, the 60 mM dose of DCA produced the same effects as the 30 mM DCA dose. It is noteworthy that even the lowest DCA dose (5 mM) caused a significant decrease in the number of viable cells. The difference in the number of viable cells compared to the control group is represented by the cells that have died or are undergoing apoptosis. Cells were frequently detached and found in suspension, indicating that a percentage of cells were undergoing apoptosis. This was a feature that we observed only in cells treated with DCA, not in control cells. Nevertheless, all experiments were performed with the viable cells after treatment. Thus, the cells in suspension were not used in any analysis.
Our results confirmed previous reports on the pro-apoptotic and anti-proliferative effects of DCA in human non-small cell lung cancer (A549), glioblastoma (MO59K), breast cancer (MFC-7) (1) and endometrial cancer cells (36) . Moreover, the use of autophagy inhibitors such as 3-methyladenine (3-MA) or, in our case, NH 4 Cl or CHLQ in combination with DCA has been reported to significantly enhance DCA-induced apoptosis (34) . Contrary to our observations, a recent study of DCA effects in colorectal and prostate cancer cell lines reported a minimal effect of DCA on apoptosis. Even so, the authors noted that despite not observing apoptosis, they observed an increase in LC3b-II expression (2) . This dual behavior of DCA, stimulating apoptosis in some cases and not in others, could be cell type-dependent and due to differences in the expression of PDK isozymes of the examined cancer cells (37) .
Our data suggest that a certain percentage of apoptosis is induced by DCA treatment, but the percentage of apoptosis is not increased in a dose-dependent response as we initially thought. A possible explanation to why some cells undergo apoptosis and others do not when treated with the same concentration of DCA could be the conclusion arrived to by Vella et al (37) , reporting that the effects of DCAs are restricted to undifferentiated, malignant, fully cycling neuroblastoma cells, whereas DCA does not affect the proliferation rate of more differentiated, poorly malignant neuroblastoma cells (37) .
We further related the effects of DCA treatment to mitophagy by evaluating a set of proteins involved in mitochondrial network dynamics and protein degradation. We analyzed the copy number of mitochondrial DNA and the mitochondrial network morphology.
It has been reported that DCA treatment reduced the mitochondrial membrane potential in a dose-dependent manner (1). We found that there was a slight decrease in the intensity emitted by TMRE in cells that were treated with the highest dose of DCA. In all cases, it was sufficient to evaluate the mitochondrial network. One of our findings was that increasing DCA doses led to the mitochondrial network becoming more condensed. The long filaments of the mitochondrial network were a feature unique to the control group (Fig. 2) .
The LC3b proteins are involved in phagophore formation and are commonly used markers for examining autophagy. A high ratio of LC3b-I to LC3b-II is a typical finding in cells of neuronal origin (38) . For instance, SH-SY5Y neuroblastoma cell lines display only a slight increase in LC3b-II after nutrient deprivation, whereas LC3b-I is clearly reduced. This is likely related to a high basal autophagic flux, as suggested by the higher increase in LC3b-II when cells are treated with NH 4 Cl (39,40), although cell-specific differences in transcriptional regulation of LC3b may also play a role. The pattern of LC3b-I to LC3b-II conversion seems to be not only cellspecific but also related to certain cellular stresses. SH-SY5Y cells displayed a strong increase in LC3b-II when treated with CHLQ. The ratio LC3b-II/LC3b-I was very low and unchanged in the control group because the high turnover of LC3b in these cells. This ratio was unchanged at low doses but increased at 30 mM DCA and increased drastically at 60 mM DCA during the co-treatment with mitophagy blockers (Fig. 3) . These results suggest that a high DCA concentration stimulates phagophore formation, leading to autophagy after 16 h of treatment in SH-SY5Y neuroblastoma cells. Therefore, we suggest that the loss of cell viability due to the DCA treatment at low concentrations observed after 16 h is not caused by mitophagy in SH-SY5Y cells.
Recent in vitro studies suggested that PINK1 and Parkin cooperate in a pathway to regulate mitochondrial quality via degradation of dysfunctional mitochondria by mitophagy (41) . For mitochondrial degradation, PINK1 reportedly recruits Parkin from the cytoplasm to damaged mitochondria in a manner that is dependent on the mitochondria membrane potential (42) . Moreover, PINK1 and Parkin initiate the removal of mitochondrial proteins via the ubiquitinproteasome system (43) . It has been reported that deficits in PINK1 and Parkin alter the balance between mitochondrial fission and fusion (43) . Our results show that a higher DCA concentration reduced the presence of both PINK1 isoforms (Fig. 4A, E and F) . Moreover, Parkin was decreased in a doseresponse manner with increasing DCA concentrations ( Fig. 4A  and D ). This result confirmed previous studies in which knockdown of PINK1 in HeLa cells and human neuronal SH-SY5Y cells caused mitochondrial fragmentation, an effect that was reversed by overexpression of Parkin (44, 45) . Thus, our data indicate that lower protein expression of PINK1 and Parkin due to DCA treatment induced further fragmentation of the mitochondrial network in SH-SY5Y cells, as observed in the microscopy images (Fig. 2) .
Mitochondrial fission is essential for autophagy. We have shown that the FIS1 levels decreased in a dose-dependent manner after the DCA treatment. This decrease in FIS1 was most evident in the groups in which the process of autophagy was blocked with NH 4 Cl or CHLQ (Fig. 4A and H) . It has been previously reported that silencing FIS1 with RNAi is associated with an inhibition of mitochondrial autophagy and the accumulation of damaged mitochondrial material, leading to a decrease in metabolic function and insulin secretion. Furthermore, this same study showed that silencing FIS1 had mild changes in mitochondrial structure (46) . Contrary to our initial hypothesis, DCA decreases FIS1 and, therefore, mitochondrial fission in SH-SY5Y cells and presumably protects against mitophagy.
When comparing (0 mM) DCA controls among all three groups (control, NH 4 Cl, CHLQ), blocking terminal phases of autophagy itself decreases the relative protein expression of Parkin and Tim23. However, a much more significant shift was observed when comparing the control, NH 4 Cl and CHLQ group cells treated by the most toxic dose of DCA (60 mM). Thus, blocking autophagy leads to a much stronger decrease in PINK1, Parkin, FIS1, OPA1 and Tim23.
OPA1 is a dynamin-related GTPase protein involved in inner mitochondrial membrane fusion, which maintains the connected mitochondrial network and correct cristae morphology (47) . OPA1 expression increases during mitochondrial elongation (48, 49) . Though OPA1 protein levels decreased with higher DCA concentrations, especially in combination with mitophagy blockers, the levels of both OPA1 isoforms remained unchanged with other DCA treatments, leading us to conclude that DCA produces a minimal effect on OPA1 protein expression. Only the higher DCA dose induced mitochondrial fragmentation, which is partly due to the decrease in the smaller OPA1 isoform. This is similar to a report in which OPA1-depleted neuronal cells exhibited impaired mitochondrial hyperfilamentation and synaptic number (50) .
The short and long isoforms of OPA1 arise from proteolytic cleavage, and their ratio may serve as a stress indicator (51) . The OPA1 ratio of short to long isoforms was increased with a higher concentration of DCA. Interestingly, OPA1 short/long isoform ratios were unaltered from 0 to 30 mM DCA. This result indicated that the higher dose of DCA was a unique dose that produced stress in the cells.
We found that neither the mitochondrial DNA copy number (Fig. 5C ) nor TFAM protein levels ( Fig. 5A and B) were modified by the DCA treatment. TFAM protein levels are generally used as a mitochondrial density marker because TFAM is part of mitochondrial DNA-containing structures called nucleoids (52) . Thus, we confirmed a previous study reporting that the treatment of C. elegans with DCA did not affect the mitochondrial DNA copy number as examined by real-time PCR (53) . This is in contrast to previous reports that DCA treatment stimulates the removal of mitochondria, resulting in the mitophagy in cancer cells, such as LoVo cells (34) or colorectal cells (2) . We have two possible explanations for these results. One is that the effects produced by DCA did not affect mitochondrial density and thus did not induce mitophagy, but DCA does affect the removal of other organelles of the cell in the form of autophagy. The other explanation is that DCA reduced the number of mitochondria maintaining the mtDNA density. In other words, DCA induced partial mitophagy in which the nucleoids are preserved.
We also analyzed Tim23 protein levels. Tim23 is a component of the TIM23 complex, which is present in the inner mitochondrial membrane. Because of its localization, we used Tim23 as a marker of the mitochondrial inner membrane (54) . Tim23 protein levels decreased with increasing DCA doses. Co-treatment with autophagy blockers increased this effect. These results indicate that DCA decreased mitochondria numbers leading to mitophagy, which was also indicated by the LC3b ratio.
We suggest that DCA induces partial mitophagy preserving nucleoids. It is for this reason we could not detect a decrease in the number of mtDNA copies nor TFAM protein levels.
In conclusion, in this study, we show that DCA causes cell death in SH-SY5Y neuroblastoma cells. The surviving cells after DCA treatment exhibit an altered mitochondrial network morphology that was made up of shorter and more fragmented filaments. We related this mitochondrial network restructuring to changes in FIS1, PINK1, Parkin and LC3b protein levels. Although DCA treatment did not change the number of mtDNA copies and TFAM levels, we suggest that DCA causes partial mitophagy preserving the nucleoids.
Additionally, our data show that autophagy in general is a key mechanism to maintain proper mitochondrial content by balancing fission and fusion processes. Fission and fusion are regulated by mitophagy proteins (PINK1 and Parkin) and FIS1, and the mitochondrial density can be monitored by internal membrane components such as Tim23. Disturbances caused by blocking terminal phases of autophagy with NH 4 Cl and CHLQ decreases the levels of these proteins. These protein levels are further decreased when co-treated with NH 4 Cl or CHLQ and DCA in comparison to negative controls, suggesting that autophagy plays a protective role against the toxic effects of DCA.
